Since relatively few quantitative immunological studies had been conducted with invertebrates, this study was designed to learn more about the immune potential of the oyster, a molluscan representative. Experiments measured the primary and secondary clearance rates of T2 coliphage in the oyster. The 
Interest in the evolution of immunity has developed rapidly during the past few years. Past studies have indicated that all of the vertebrates investigated, with the exception of the hagfish, have immune mechanisms similar to those found in mammals (2, 7, 10-12, 16 22: 1152, 1963) . When the literature concerning immunity in invertebrates is reviewed, it is apparent that no one has clearly demonstrated the immune phenomena paralleling that found in the vertebrates (7, 14, 18, 20, 23, 30) . Most invertebrates protect themselves from foreign substances by inflammatory responses characterized by phagocytosis and the walling off of the intruding material (5, 9, 25, 35) . There are some instances in which invertebrates have produced humoral factors which are protective against certain viruses or microbial agents, but the physicochemical nature of these substances has not been thoroughly investigated, so that comparison with vertebrate immunoglobulins cannot be attempted at this time (4, 8, 13, 26) . Among the relatively small number of invertebrates that have been investigated thus far, no one has demonstrated specific adaptive immune mechanisms.
In studying the immune responsiveness of lower forms, we examined the oyster, Crassostrea v-irginica, with-three types of immune.mechanisms in mind: (i) the cellular response characterized by the clearance of antigen via phagocytosis, (ii) humoral responses which may be characterized by the formation of immunoglobulins or immunoglobulin-like substances, and (iii) the ability to exercise immunological memory.
Previous investigations have shown that this animal is quite capable of clearing injections of erythrocytes, bacteria, bacteriophage, and soluble material, but the immunological nature of antigen clearance in the oyster has not been shown (15, 33, 34 (19) . The lysed cultures were purified by differential centrifugation in a Sorvall 2-B centrifuge at 12,100 X g for 25 min. The purified phage was suspended in nutrient broth at concentrations ranging from 1 X 1010 to 8 X 1010 plaque-forming units (PFU) per ml and was kept at 4 C. The number of phage particles refers only to the plaque formers.
Injections. Animals used for half-shell experiments were prepared for intracardial injections by the halfshell method of Bang (3) . The upper shell was carefully removed by cutting the adductor muscle as close to the shell as possible. This operation left the pericardium intact. Oysters were injected intracardially immediately after the operation. In some experiments, a section of shell in the left valve was removed with a dental drill, exposing the heart. These animals were injected intracardially 24 hr after this procedure. Animals given antigen over long periods of time were injected intramuscularly by slightly raising the shell so that a needle could be inserted into the adductor muscle. Oysters in all experiments were injected with 1 X 109 phage particles in 0.1 ml of nutrient broth by use of a 30 gauge needle and a tuberculin 1-ml syringe. Sharks were injected and bled from the caudal vein after being anesthetized with MS-222 (Sandoz).
Phage assay techniques. For tracing the elimination of phage from the hemolymph, at each time interval, six oysters were bled from the heart. Since oysters were bled for the maximal amount of serum, they were sacrificed after bleeding. The serum was centrifuged at 1,465 X g for 25 min and titrated immediately for the presence of phage or stored at -20 C until titrations could be carried out. Tissues were assayed for the presence of phage by removing the gill, mantle, visceral mass, and muscle from six animals at various time intervals. The tissues were pooled into the four respective groups and were frozen immediately at -20 C. For phage assay, 1 ml of broth was added per g (wet weight) of tissue and homogenized in an ice bath with a Virtis #45 homogenizer for 10 min at a fast speed. The homogenates were centrifuged for 30 min at 1,465 X g, and the supernatant fluid was assayed. Sharks were bled from the caudal vein and the serum was assayed for phage as described.
Phage and antibody titrations. The number of PFU in serum and tissue homogenates was determined by use of the soft agar layer technique (1) . For each log10 dilution, duplicate plates were used, and the phage titer was determined by the geometric mean of the two plates containing 50 to 100 plaques. Serum that had cleared phage was assayed for the presence of neutralizing antibody by the method described by Adams (1).
RESULTS
Clearance of bacteriophage from hemolymph. To determine the ability of the oyster to clear bacteriophage T2, 30 oysters constituting a primary group were prepared for intracardial injections by removing the upper shell. AR oysters were injected with 109 T2. Hemolymph was obtained from six oysters at 0, 3, 6, 12, and 24 hr after injection and was assayed individually for the presence of phage. Another group of oysters that had been given a primary intramuscular injection of 109 T2 phage 28 days previously was given a secondary intracardial injection of T2 after removing the upper shell. This secondary group of oysters was bled at the same time intervals as the primary group, and the hemolymph was assayed for phage accordingly. The results of the primary and secondary clearance of T2 are shown in Fig. 1 .
To determine the clearance of T2 in oysters over a longer period of time, another primary and secondary group of animals was injected as before. Oysters were bled and the hemolymph was assayed for phage at 0, 6, 12, 24, and 48 hr. As shown in Fig. 2 , there is a marked difference in the elimination of phage from oysters that had previously been injected with T2.
Cutting the adductor muscle in the half-shell experiments limited the time oysters could be kept in a healthy state. Between 48 and 72 hr, the cut muscle began to take on a necrotic appearance and the heart beat was not as vigorous as in freshly opened animals. shell was removed and the animal was given an 9g intracardial mock secondary injection of 109 T2.
The hemolymph of six oysters was assayed at the same time intervals as the primary group. 8 \ The results (Fig. 4) To follow the clearance rates of T2 in the oyster over a longer period and to determine if 8 cutting the adductor muscle influenced the 8 clearance rates observed, a small section of shell directly over the pericardium was removed with 7-a dental drill. Two groups of oysters were given primary and secondary injections of T2 as in 6- the half-shell experiments, and the hemolymph J from six oysters was assayed for phage at 0, 12, N 24, 48, and 72 hr. As can be seen in Fig. 3 , the cn 5-onset of the enhanced secondary clearance is J\ not as rapid as in Fig. 1 Fig. 6 . There was total neutralization of phage in sharks previously immunized; this 9 0= OYSTER, SECONDARY would be expected since the shark is known to A = SHARK, PRI MARY be a good antibody producer (28) . The oyster 8 i= SHARK, SECONDARY and shark have primary clearance rates that are very similar during the first 6 hr. However, all phage was cleared from the blood of sharks 7 receiving one injection within 5 days.
Neutralizing activity of oyster and shark serum. with those of the lemon shark (Table 1) . rates of the shore crab and oyster is that the oyster seems to be able to handle antigen more efficiently, since these animals received a higher dose of phage (109) than was given to the shore crab. In one experiment, a secondary injection of phage was cleared from the hemolymph of the oyster within 48 hr.
The oyster seems to be less efficient than a vertebrate, the lemon shark, in clearing and disseminating phage. In experiments done concurrently with those reported here (M. M. Sigel et al., Natl. Meeting Reticuloendothelial Soc., 4th, Winston-Salem, N.C., 1967), the lemon shark often cleared a primary injection of phage by 72 to 96 hr. Secondary injections were usually cleared immediately due to the presence of phageneutralizing antibody. In the nurse shark, Ginglymostoma cirvatum, 20% of the injected phage was localized in the liver and spleen (M. M. Sigel et al., Natl. Meetings Reticuloendothelial Soc., 4th, Winston-Salem, N.C., 1967). Viable phage could be detected in these tissues as late as 12 days after the injection of 1.6 X 106 particles. The oyster was somewhat slower in clearing phage from the tissues, since a primary injection was not cleared until day 63 and the secondary injection by day 28. Another difference between the clearance of phage in the oyster and most vertebrates is that secondary clearance does not seem to be associated with humoral antibody and is probably mediated by cells. The temperature did not seem to be a major factor in the clearance of phage in the oyster, since experiments carried out from 25 to 32 C did not differ appreciably.
Whether this accelerated secondary clearance in the oyster represents immune clearance as ordinarily defined cannot be determined clearly from these data. It is certainly not identical to immune clearance in vertebrates, since the response in the oyster appears to be partly nonspecific. Although the oyster was not able to produce detectable phage-neutralizing antibody under the conditions in this experiment, this possibility should not be ruled out until animals are immunized for longer periods of time and more sensitive assay methods are utilized. It would appear, however, that the shore crab and the oyster are capable of recognizing and disposing of foreign material. They may also possess a primitive form of immunological memory.
